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ABSTRACT 
 
     The Ar
+
 ion irradiation-induced reorganization of Langmuir-Blodgett 
monolayers of colloidal silica nanoparticles with diameter of 220 nm and 
450 nm deposited on silicon substrate is investigated in a wide range of ion 
fluences. The cluster formation, average cluster size, ion beam-induced 
charging and discharging of particles, heating effects, the ion beam-induced 
viscous flow as well as the swelling of the Si substrate as a function of the 
ion fluence are discussed. Inhomogeneous particle distribution causes strong 
nonlinear Si swelling inside wide defect-channels between the clusters and 
linear Si swelling inside narrow channels between the particles. At low ion 
fluences particle charging and Coulomb repulsion forces govern the particle 
reorganization process, while at high ion fluences ion beam-induced viscous 
flow and hydrodynamic forces between the particles and the underlying 
substrate play major role. Two different types of patterns: smaller compact 
clusters of few particles and longer chain-like clusters of dozens of particles 
are observed. The dynamics of the reorganization process in both cases is 
treated analogous to the dynamics of colloidal suspensions based on the 
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Tanaka-Araki model. The results of the model are comparable to the 
experimentally observed cluster characteristics. 
 
 
1. INTRODUCTION 
 
The nanopatterning of thin films by low- and medium-energy ion 
irradiation through a Langmuir-Blodgett (LB) monolayer of silica particles 
(nanomasks) is a widely used technique for electrical and optical 
applications [1-4]. The nanomasks are densely packed hexagonally ordered 
systems of silica particles used for the local modification of macroscopic 
surfaces at the nanoscale. However, the modification is usually associated 
with complex processes which can affect surface patterning by the change of 
the particle size and shape, nanomask geometry, as well as of the surface 
morphology of the substrate. 
These phenomena should be understood in order to get full control of the 
surface nanopatterning process. At low and medium fluence this process 
depends on the charging of particles and relation between Coulomb and 
friction forces [5, 6], proximity effects [7, 8] and the swelling of the silicon 
substrate. At high fluence, discharging and thermal effects like 2D surface 
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melting, as well as the floating, sputtering and buckling of particles [5, 6, 9, 
10] take place. The physical parameters playing crucial role in such effects 
are ion energy, ion mass, particle size and shape, particle-particle distance 
and the initial self-organization of particles in the LB monolayer [5, 6]. So 
far low mass ions like He
+
 [11], medium mass ions like Ar
+
 or Ga
+
 [5, 6], 
and heavy ions like Xe
+
 [12, 13], Xe
2+
 [7, 14] or Xe
4+
[15] have been used for 
the irradiation of various materials and study of the above mentioned 
phenomena. 
 
      The ion irradiation of a nanoparticulate mask causes the reorganization 
of particles with different features of the process for low, medium and high 
ion fluences [16, 17]. In this paper we show that the reorganization process 
also depends on the particle size. Also, difference between the 
reorganization process induced by 30 keV Ga
+
 ions from a focused ion beam 
source (our previous work [6]) and 40 keV Ar
+
 ions from a conventional 
implanter (our present work), is shown. At low fluence, the LB layer 
becomes the system of “solid particles on the solid substrate”. At higher 
fluence, surface swelling and irradiation-induced flow take place so that the 
LB layer becomes the system of “solid particles on the soft surface”, or “soft 
particles on the soft surface”. We show that relationship between the 
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dynamics of ion-irradiated particle systems and the dynamics of a colloidal 
suspension of solid or softened particles can be established since both types 
of reorganization process can be related to certain types of experimentally 
observed clusters.  
 
2. EXPERIMENTAL DETAILS 
 
 Monolayers of medium and large size silica nanoparticles were prepared 
using Stöber’s method [18] based on controlled hydrolysis of tetraethyl-
orthosilicate. The diameters of the medium and large size particles were D = 
220  20 nm and D = 450  35 nm, respectively, as it was shown by Field 
Emission Scanning Electron Microscopy (FESEM) analysis. The LB-film 
deposition was carried out with a KSV2000 film balance on 25 × 25 mm
2
 
rectangular (100) oriented p-type (14–27 Ωcm) silicon substrates using 
vertical deposition method. Detailed description of the LB monolayer 
preparation is given in refs. [6, 19, 20]. The self-organization of particles in 
the LB layer changes with increasing the particle size and this “size effect” 
emerges from the relation between inter-particle and hydrodynamic forces 
[6]. The inter-particle forces dominate the viscosity at low shear stress in the 
suspending medium. In contrast, hydrodynamic forces dominate at higher 
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shear stress showing shear thickening and tendency to anisotropic 
organization with increasing particle size. The drying process at ambient 
temperature fixes the silica particles at their position in the LB monolayer 
[6]. 
In this work, the irradiation of LB layers was performed with low 
energy (E = 40 keV) Ar
+
 ions in a vacuum chamber at the pressure of about 
10
-4
 Pa. Note, in our previous work [6] on 30 keV Ga
+
 irradiation, the liquid 
metal ion source of a LEO Focused Ion Beam System has been applied, 
while in this work for the Ar
+
 ion bombardment experiments a Varian type 
implanter has been used. Note, the spot size of the Ar
+
 ion beam was about 
60 mm
2
 with a beam current of ~1A, while for the Ga+ beam the maximum 
spot diameter was about 100-200 nm, with a beam current of ~1 nA. 
Consequently, the local ion flux for Ar
+
 was about 10
13
 cm
-2
s
-1
, i.e.,
 
orders of 
magnitude lower than the value of ~10
18
 cm
-2
s
-1
 used for Ga
+
. In both cases 
the beam was scanned, however, with somewhat different conditions; i.e., 
different window areas were scanned with a frequency of 50 Hz for Ga+, 
and in the frequency range 0.1-1 kHz for Ar+, respectively. 
A set of samples has been irradiated with Ar
+
 fluences of 0.1, 0.5, 1, 5, and 
10 (1016cm-2) in the current density range of 0.5 - 2 A cm-2, with typical 
input power density range of 0.02 - 0.1 W cm
-2
. 
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Besides irradiation-induced charging, heating, and flow processes one has to 
consider the effects of contamination of the LB layer of silica particles 
during the reorganization process. Strictly speaking, the contamination may 
be caused by both the particle preparation process, and by the ion beam 
irradiation treatment. 
The contamination in the preparation process is induced by the tetraethyl 
orthosilicate hydrolysis, in ethanolic medium in the presence of ammonia 
[21]. Measurements by various diagnostic techniques discovered the 
presence of Si, O and C elemental contaminants in the SiO2 particles, as well 
as of some hydrogen-carbon compounds [21]. The silica particles of larger 
diameter have a higher O/Si ratio at their surface, as compared to their cores 
[21]. The presence of C atoms originates from unhydrolyzed ethoxy groups. 
The C-compounds found in particle surface-shells and in their cores 
represent the non-dialyzable non-volatile C-compounds. Their presence on 
the particle surface was detected by electron energy loss spectroscopy, a 
technique endowed with single-atom sensitivity. Thus, in principle, the SiO2 
particles formed by the Stöber method always comprise the above 
contaminants in the amount that is proportional to their size. 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 8 
      The contamination induced by ion beam irradiation basically depends on 
the presence of residual gas, implantation of the primary ions, and on 
sputtering. Some residual gas always present when ion irradiation is 
performed in a vacuum chamber with low pressure conditions. In this case 
the surface contamination primarily originates from the amount of residual 
gas (mainly hydrocarbon) molecules deposited to the sample surface by the 
assistance of the ion beam itself. 
The contamination by sputtering becomes particularly intense when the ion 
flux reaches 10
16
cm
-2
 or more. Ryssel et al. [22] performed experiments by 
As+ ion bombardment of silicon in the fluence range of 10
12
 - 10
17
 cm
-2
 and 
caused the contamination with Al atoms, The concentration of Al atoms 
transferred to the silicon wafer during the As+ bombardment process has 
been measured [22]. It was found that the amount of contaminated Al 
linearly increases with fluence and reaches saturation at ~ 3 x 10
13
 (Al 
atoms/cm
2
) at the ion fluence of ~ 5 x 10
15
 As+ cm
-2
. The higher the As+ ion 
energy the higher the saturation amount of Al contaminated [22]. 
Therefore, ion beams in the 100 keV energy range cause contamination 
which linearly depends on the ion fluence up to a threshold value when it 
turns to saturation. 
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Considering our experiments, we can state that the contamination of the 
silica particles by Si, C, and O components is present due to the Stöber 
formation process [21], but their concentration is larger for 450 nm than for 
220 nm diameter. On the other hand, the contamination due to the Ar+ ion 
beam deposited residual gas molecules is expected to linearly increase with 
the fluence up to ~ 10
15 
cm
-2 
when reaches saturation. The contamination can 
affect the reorganization process by influencing the charging of particles, or 
by causing thermal effects. The influence of charging effects on particle 
reorganization in the fluence range up to ≤ 1015 cm-2, i.e., at low 
contamination levels, is almost negligible. The influence of heating 
processes on reorganization may, in principle, occur through the change of 
the timescale of thermalization. However, the steady state temperatures are 
most probably unaffected by the contaminated layer which may act as a heat 
transfer layer but not as a heat sink. Thus, the contamination effects are not 
expected to play significant role in the reorganization of particles. 
 
 
The self-organization of nanoparticles in the initial LB layers, as well 
as their reorganization after ion irradiation have been studied by FESEM 
using the LEO 1540 XB cross-beam system at an operating voltage of 2 kV. 
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Atomic force microscopy (AFM) analysis has been performed with an 
Advanced Integrated Scanning Tools for Nano Technology (AIST-NT) type 
Smart Scanning Probe Microscope 1010 setup operating in tapping mode. 
The measured AFM data were processed using the Gwyddion software, type 
2.26 (publisher: David Necas and Petr Klapetek, Czech Metrology Institute). 
 
3. RESULTS AND DISCUSSION 
 
3.1 Characteristics of initial LB layers of silica nanoparticles 
3.1.1 Medium-size particles: D = 220 nm 
 
     The SEM micrograph in Fig. 1(a) shows the inhomogeneous LB layer of 
D  220 nm particles with thearea number density of s~2.1

cm
-2 
Some regions of the LB layer show selforganization into large quasi-regular 
2D crystals with well defined boundaries (defect-channels) between the 
crystal-grains of ~100–150 nm width and ~ 600–800 nm length. The insets 
to Fig.1(a) show other regions which comprise zig-zag rhombic clusters, and 
the chevron-type clusters of three connected hexagons. Such inhomogeneity 
of particle self-organization results from the interplay of hydrodinamic and 
short-range repulsive forces [6,23]. The tendency to anisotropic organization 
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during the formation of LB layer indicates the increase of the short-range 
repulsive forces, and the decrease of the lubrication hydrodynamic forces 
with lower shear viscosity – or shear thinning [6,23,24]. The non-Newtonian 
behavior in a lower density system of medium-size particles causes the short 
range anisotropy in the nearest pair distribution [6,23]. 
 
3.1.2 Large-size particles: D = 450 nm 
 
     The SEM micrograph in Fig.1(b) shows the LB layer of D  450 nm 
particles with more regular - almost homogeneous - particle distribution with 
area number density of s ~510
8
cm
-2
. The insets to Fig.1b show  a rhombic 
cluster (top right) and  irregular particle aggregates (bottom right). The self-
organization into crystal grains with large grain boundaries reveals the 
impact of long-range anisotropic organization. This process relates to the 
appearance of the 2D nanocrystal blocks separated by the long grain-
boundaries of about 150–180 nm width. The local particle organization 
comprises large rhombic blocks with the angles of 60
o
 and 120
o
 which 
contain hexagonally ordered cells. Such self-organization is different from 
the regular hexagonal order of a closely packed nanoparticulate film. This 
indicates the increased account of repulsive short-range forces which prevent 
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particles from getting closer, so that hydrodynamic lubrication forces cannot 
have important role [23]. A low shear rate generates shear thinning, which 
for the low particle density causes the long-range anisotropy in the nearest-
neighbor distributions and results in the formation of 2D rhombic 
nanocrystals in the initial LB layer. 
 
3.2 Reorganization of LB layers of silica nanoparticles  
3.2.1. Medium size particles  
      The SEM micrograph of the reorganized LB layer of medium-size 
particles irradiated in the fluence range 11015cm-2 – 51015cm-2 shows 
quasi-regular organization (Fig. 2a(i)). The repulsive Coulomb interaction 
between the particles causes slight translation of crystal grains as well as 
breaking of the initial organization into rhombic, trapezoidal and other 
polygonal grain clusters (Fig. 2a(ii)). t the higher fluencef1016cm-2, the 
Coulomb force causes the motion of particles as the «solid particles on the 
solid substrate» and transformation of the rhombic grains into new cluster 
types (Fig. 2b(i)) connected into complex polygonal form (Fig. 2b(ii)). 
 
Further increase of the fluence to 1016cm-2 causes more dramatic LB 
layer reorganization, as it is shown in Fig. 3: 
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(i) Breaking of the large grain-clusters into smaller ones of 6 to 8 particles 
(aggregates). 
(ii) Formation of large defect-channels of 200 nm width between the 
clusters. 
(iii) Motion of particles and even of the whole clusters. 
(iv) Strong swelling of the Si single crystal surface with formation of defect-
like vacancies and complexes (voids) which cause the formation of surface 
hillocks. 
(v) Surface sintering and merging of particles inside small clusters. 
 
The reorganized pattern comprises the left- and the right-tilted rhombic 
clusters, stretched-clusters with isosceles triangular lattice, and the zig-zag 
type clusters (Fig. 3a). Such clusters are formed by the strong local shear 
when the particles of regular clusters are put in motion, as schematically 
shown in the inset of Fig 3b. The reorganization is initiated once the 
Coulomb repulsion between the particles overcomes the friction force thus 
putting them in motion similar to the case described above. However, there 
is some difference because another process also takes place. Namely, the 
surface softening of the silicon substrate and of the silica particles occurs 
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due to the fact that ion bombardment causes ion-induced viscous flow, as 
shown by a number of authors for a wide range of ion energies [25-27]. 
Mayer et al. [26] have found that bombardment of SiO2 with light H and He 
ions at energies between 0.2 – 1 eV causes viscous flow leading to surface 
smoothing. This process is first order type with ion fluence and strongly 
dependent on the ion energy in the mentioned energy range. They measured 
the ion–induced viscosity of SiO2 and found its values in the order of 1 – 20 
x 10
12 
Nsm
-2 
[26]. The viscous-flow term is responsible for surface 
smoothing and softening and it can be found by solving the 2D Navier-
Stokes equation, assuming one of the two limiting cases: (i) viscous flow 
which extends from the surface layer into the bulk (unconfined flow) 
[25,27]; (ii) viscous flow which is confined only to the surface layer [25]. 
Umbach et al. [25] have found that bombardment of SiO2 with Ar ions in the 
energy range 0.5 - 2 keV causes significant viscous flow that occurs in the 
surface layer with a depth on the order of the ion penetration range (< 5 nm). 
Here macroscopic stress relaxation, called ion-induced viscous flow - 
(measured on thick and thin films) in the low and medium temperature range 
(from the room temperature up to 200 
0
C), occurs through surface 
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rearrangements dominated by the atomic collision-cascade process [25]. 
This temperature dependent viscous flow below 200
o
C shows linear 
dependence; while above this temperature it shows a nonlinear Arrhenius-
type behavior [25]. It was also shown that ion-enhanced diffusion is 
negligible with respect to ion-induced viscous flow.  
The conclusion about ion-induced viscous flow based on the above 
described experimental and theoretical results can be applied to our case 
both for the silica particles and the silicon substrate exposed to the ion 
energy of 40 keV. Thus, we may assume that the silicon viscous flow layer 
is formed in which the silica particles are embedded. 
 In that case the Coulomb force which should move the soft particles on the 
soft substrate becomes insufficent to cause the reorganization. Instead, the 
softening of the silicon surface and shear flow, as well as the interaction of 
particles with the fluid silicon layer play the crucial role in LB layer 
reorgnization. The motion of particles in a viscous silicon layer causes the 
compactification of clusters by lateral compression in some domains, and 
rarefaction in other domains (Fig.3c). In the domains of rarefaction, the 
formation of wide defect-channels takes place so that a large surface area of 
silicon is exposed to the ion beam. In the compactified domains of this 
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fluid/solid system, however, local jamming takes place, similarly to that is 
observed in colloidal suspensions [28], granular systems [29-31] and traffic 
[32], thus indicating variation of shear rates and shear viscosity over the LB 
layer. 
At the fluence of  = 1017cm-2, the large clusters break into small ones 
of 4, 3, or 2 particles and mostly into a set of single isolated particles (Fig.4). 
The process is associated with largely intermittent particle distribution and 
formation of wide defect-channels of ~200 – 300 nm between the clusters. 
However, the onset of 2D surface flow of the silicon viscous layer is more 
intense in the wide defect-channels and is less intense in the narrow defect-
channels. The reorganization leads to the formation of intermittent strings of 
particles which form closed (finite) and open (infinite) loops. Such chain-
loops are clearly seen if the particles shown in Fig. 4 are connected by the 
red lines. The reconstruction of the chain-like particle organization at the 
highest fluence indicates the effects of quasi 2D-turbulent flow field with 
elongated streamlines.  
 
      Figure 5 shows few configurations of the silica particles with solidified 
surface which was in the viscous state during the ion irradiation process. Fig. 
5a shows different stages of two particle connection; fomation of a neck 
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between the particles (Fig. 5a(i)), formation of bridges as wide stripes 
between the particles (Fig. 5a(ii)), and the full merging of particles (Fig. 
5a(iii)). Figure 5b shows various stages of the connection of three particles; 
the SEM micrograph of 3 particles connected by necks (Fig. 5b(i)), bridges 
(Fig. 5b(ii)), and finally the complete merging of the particles (Fig. 5b(iii)). 
Conspicuously, the AFM analysis at large magnification reveals that merged 
particles comprise two types of small holes. The first type (Fig. 6(i)) are 
sharp holes of ~20 nm in diameter which make a rough (sponge-like) silica 
surface (Fig. 6(ii)). The reason may be the formation of bubbles in the 
material due to the high atomic concentration of implanted noble gas atoms. 
These subsurface bubbles can cause even a full exfoliation of the top surface 
layer of the particle. In other cases (when the bubble concentration does not 
exceed its critical value), only few cavities are formed by the gas bubble 
ejection through the particle surface. 
Another type of holes are circular craters of 30 – 50 nm in diameter 
with a toroidal ring on their rim, see Fig. 6(iii). They may be formed by 
abrupt release of Ar from molten silica particles as found in our previous 
work where the detected amount of argon in the spheres was found to be 
several times lower than it was expected from the irradiation fluences [33]. 
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However, at the same time no such discrepancy of the Ar content, i.e., no 
escape of Ar was found for the Si substrate. 
 
3.2.2 Large size particles  
 
The ion irradiation of the LB layer of large size particles (D = 450 
nm), does not cause significant reorganization as compared to the case of 
medium size ones (Fig. 1b). Ion irradiation at  = 1 x 1015cm-2 transforms 
the 2D large rhombic grains of densely packed particles into smaller grain 
clusters of about 2 m  2 m size with narrow defect-channels of about 80 
– 100 nm width as it is shown in the AFM micrographs in Figs. 7a(i,ii). 
Increasing the fluence to  = 51015cm-2 causes the reorganization of 
the large (rhombic) grains into smaller ones of about 1.5 m  1.5 m in 
size with the formation of 150 – 200 nm wide defect-channels, connected 
under 60
o
 (Fig. 7b(i)). Buckling of the particles causes the formation of 
necks between them. Fig. 7b(ii) shows the AFM micrograph of the Si 
surface after ion irradiation through the mask of silica particles. 
At higher fluences between 10
16
cm
-2
 and 51016cm-2 the particle diameter 
decreases down to D ~ 430 nm that indicates the possible onset of sputtering 
(Fig. 8a(i)). The decrease of the particle diameter is accompanied by the 
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increase of the width of the defect-channels thus exposing larger silicon area 
to the ion beam. Figure 8a(ii) reveals the channel-defects which become 
wide and ramified. 
Above the fluence of 51016cm-2, further decrease of the particle 
diameter to  420 nm, and increase of the size of defect-channels with the 
change of morphology can be observed (Figs. 8b(i,ii)). The variation of the 
Si swelling morphology follows increase of the ion fluence. At high fluence, 
a strong swelling forms walls around the particles so that they are restricted 
to move.  
The analysis of the AFM micrographs in Figs. 7 and 8 reveals that the 
increase of the swelling amplitude vs. the ion fluence can be represented by 
two diagrams; one for wide defect-channels (between the clusters), and 
another for narrow defect-channels (inside the clusters), as shown in Fig. 9. 
In the first case the swelling is nonlinear and can be approximated by two 
linear regions in the fluence ranges (i) 10
15
cm
-2
 – 51016cm-2 and (ii) 
51016cm-2 – 1017cm-2, respectively. The highest swelling amplitude of ~70 
nm in the range (ii) is much larger than reported by Giri et al. [34]. The 
mechanisms of swelling in the narrow channels with dense regular packing 
of particles cannot give such strong amplitude growth as in the case of wide 
defect-channels with inhomogeneous particle packing. The linearly growing 
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amplitude in Fig. 9 for small inter-particle distances reaches ~ 40 nm at the 
maximum, being comparable to the results of Lindner et al. [11] and Nagy et 
al. [7]. 
The phenomenon of linear silicon swelling has been semi-empirically 
modeled in Ref. [7] upon considering proximity effects. The most significant 
Si swelling occurs when the local fluence between the particles is equal or 
close to the irradiation input. At the particle edges, however, there is a 
fluence transition region which can be narrower or wider, depending on the 
ion energy, particle diameter and the average inter-particle distance. The 
swelling profile significantly depends on the ratio between the transition 
region and the inter-particle distance [7]. 
The AFM micrographs in Figs. 7 and 8 reveal swelling spikes and 
interconnected rims. The spikes emerge between free adjacent particles 
which are interconnected by necks thus forming a triangular “bridge” [7, 
11]. This triangular "bridge" also acts as mask and prevents the underlying 
Si surface from significant swelling. On the other hand, the swelling rims 
appear in the regions of no neck formation. 
  
3.3 Characteristics of particle charging, discharging, and ion 
irradiation-induced viscous flow 
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The reorganization of the monolayer of silica nanoparticles is the 
result of Coulomb interaction due to particle charging, and of the particle 
and substrate softening due to ion irradiation-induced viscosity. The 
instantly excited volume of particles (depending on the ion penetration 
range) determines the charging effects  through the excitation of the target 
atoms by ions and recoils, secondary electron emission, as well as ion beam-
induced sputtering. The penetration range in the silica particles was 
estimated by full-cascade Stopping and Range of Ions in Matter (SRIM) 
simulations performed for 40 keV Ar
+
 ions.  
 
3.3.1 Charging effects 
 
     As it has been detailed in Ref. [6] and [35], the charging of particles can 
be estimated on the basis of the equation: 
 
                                                 eP
dt
dQ
e
h  )1(                                       (1) 
 
where Qh is the surface hole density, e is the secondary ion-electron 
emission coefficient in silica, is the ion fluence, e is the elementary 
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charge, and P is the probability for hole endurance in the silica particle. The 
surface charging as a function of time is given by [6, 35] 
 
        pRtpeh e
t
ReP
Q
4/7
0
0
0 01
Y17
)1(4 













    .                        (2) 
 
Here 0 is the characteristic fluence for which the concentration of newly 
created dangling bonds (shallow traps) is equal to their concentration prior to 
the irradiation, Ω0 is the average volume of an atom, Rp is the ion penetration 
range, Y is the sputtering yield, and P0 is the probability for hole 
preservation in the unirradiated film [6, 35, 36]. Here 0, Rp, Y, and e were 
considered as 0 210
12
/cm
2
 [6], Rp = 47 nm, Y = 2.7, and e, = 0.25, 
respectively. Assuming P = 1, i.e., no leakage of holes Qh vs  is obtained 
as the analytical solution of Eq. (2). The results can be seen in Fig. 10a. 
Considering the maximum charges in Fig. 10a, the local electric field 
built around the particles is estimated to be 1-10 MV/cm. For such a high 
field, the leakage of holes from the particles to the Si substrate may be 
significant. See, e.g., another detailed study on plasma-chemical synthesis 
and electric-charge-driven self-organization of SiO2 nanodots [36]. 
Considering the electric field-induced leakage and tentatively assuming the 
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leak of holes to be 30 % (P = 0.7), one can find the total charge densities Q 
= QhD
2/4, which are presented in Fig. 10a by the light blue and pink 
curves. 
The Coulomb repulsive force, FC, is simply estimated from the 
particle charge and the interaction between two adjacent particles [6]. The 
force FC (without leak of holes) as the function of fluence for medium and 
large-size particles is given in Fig. 10b (by the red and dark blue curves, 
respectively). Taking into account the leak of holes as 30% gives the 
correction to the Coulomb force as it is shown in Fig. 10b. 
The analysis of particle motion requires comparison of the repulsive 
Coulomb force FC and the friction force Ffrict which were estimated in Ref. 
[6]. At low fluences, below 51016cm-2, when charging is high, the system 
behaves as the “solid particles on the solid substrate”. Figure 10b shows that 
the Coulomb repulsive force FC is an order of magnitude larger than the 
friction force for both D = 220 nm and D = 450 nm particles. Therefore FC 
may cause particle motion and reorganization, similarly to that was found 
for Ga
+
 ion irradiation [6].  
 
3.3.2. Thermal effects 
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      Besides charging effects, also thermal effect should be considered, like 
surface 2D melting that occurs at the characteristic 2D melting temperature 
 [6]. Assuming that  ~ (0.6–0.7)TM, (TM = bulk melting point) [37], one 
finds for the silica particles (with TM = 2000 K), that (Silica) ≂ 1200 K, 
while for the silicon substrate (with TM = 1683 K), that (Silicon) ≂ 1000 
K, respectively. As mentioned in the Experimental section, the Ar
+
 beam  
power density is several orders of magnitude lower than that was for Ga
+
 ion 
irradiation, so that heating by the Ar
+
 beam cannot reach the temperature of 
2D melting. Namely, assuming an input power of Pin = 1 W/cm
2
, and steady 
state between Pin and heat radiation from the particles, the maximum 
temperature increase is estimated to be less than 100
o
C. 
 
3.3.3. Irradiation-induced flow and fluid dynamics 
 
The high fluence of = 51016cm-2 causes swelling and ion beam-
induced viscous flow of the Si surface [25-27]. A significant surface 
swelling largely increases the contact area between the particles and the Si 
substrate thus increasing the particle-substrate adhesion forces. The system 
behaves as the “solid particles on the fluid-like substrate”, so that the motion 
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of particles is governed by the fluid-like Si layer in which reorganization 
occurs by the Brownian motion similar to the colloidal suspension of solid 
particles. 
An even higher fluence of = 11017cm-2 causes ion-induced 
viscous flow on both, the particle surface and on the Si substrate surface, so 
that the system behaves as the “soft particles on the fluid-like substrate” [6]. 
In this case, the reorganization occurs by the action of both, hydrodynamic 
interactions between the particles and interactions of particles with the 
liquid-like silicon surface. 
 
The above conclusion about motion of particles in the fluid-like 
silicon layer makes possible to establish connection with the system of 
colloidal suspension of fluid-like particles. In this respect, the dynamics of 
silica particles can be interpreted on the basis of dynamics of two types of 
colloidal suspensions (i) the suspension with Brownian motion of solid 
spheres which ignores fluid dynamic interactions between the particles, in 
the first case; (ii) the suspension with interaction between the fluid-like 
particles, in the second case. For both types of colloidal suspensions, the 
description by 2D Navier-Stokes (NS) equation in the frame of the Tanaka-
Araki model [38] is the most appropriate one.  
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This hybrid Tanaka-Araki model combines a lattice simulation for 
continuous field (solvent) and an off-lattice simulation for particles. The 
suspension is assumed as viscous fluid particles with viscosity ɳc which are 
suspended in a liquid with viscosity ɳs. Defining the parameter R = ɳc/ɳs, 
one can describe the system of fluid particle suspension for R → 1, and the 
system of solid particle suspension for R → ∞. In the most general case, a 
fluid particle with the center of mass located at ri is represented by the 
concentration fields [38]: 
 
(r) = [tanh {(a - |r  ri|)/ξ} + 1]/2   ,                       (3) 
 
where a is the particle radius and ξ is the interface thickness. The spatial 
distribution of the viscosity is given by ɳ(r) = ɳs + Σi
N
 ɳ(r), where ɳ is 
the viscosity difference between the liquid and suspension, and ɳc = ɳs + 
ɳ. The inter-particle potential V(r) is assumed to be [38]: 
 
                                  V(r) = k[(σ/r)12 – (σ/r)6],                               (4) 
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where k is the strength of the potential and  is the range of interaction [38]. 
The force acting on the i-th particle is Fi =  ∂/∂ri [Σi≠1
N
 V(|r  ri|), while 
the continuous force fields are F(r) = Σi
N
 Fi(r). The dynamics of suspended 
system is described by the Navier-Stokes equation (NS) [38]: 
 
D/Dt)v = F ∇p + ∇•[ɳ{∇ v + (∇ v)t}] + ξ     ,             (5) 
 
where D/Dt = ∂/∂t + v•∇,  is the density, and ξ is the thermal force 
noise. The nonlinear term v•∇v and the noise term ξ are neglected for 
simplicity. The simulation is performed by the solution of Eq. (5), and the 
velocity fields at any moment t +t are incremented by [38]: 
 
∇v = [ F ∇p + ∇•{ɳ(∇ v + (∇ v)t}]t      ,                  (6) 
 
using the time domain t. The solution of the equation gives the new 
distribution of particles after t, with the new fields of  and v on the lattice. 
With these fields, one has to solve Eq. (5) again. Repetition of this procedure 
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for every new t, gives the space-time development of the particle 
reorganization as well as of the continuous velocity field [38]. 
The simulation of particle dynamics is based on the assumption that the 
single particle is moving with constant velocity v0 relative to the surrounding 
fluid, and the colloidal system is characterized with the viscosity ratio R 
[38]. 
 (i) The dynamics of the “solid silica particles on the soft silicon substrate”, 
can be described by the dynamics of the corresponding solid particles 
colloidal suspension assuming a drain-free case (no hydrodynamic 
interaction between the particles). Here Eq. (5) is reduced to [38]: 
 
∂/∂t vi = Fi f vi     ,                                    (7) 
 
where f is the friction constant (f = (1/3)10
4
 in nondimensional units). The 
simulation of Brownian dynamics by the above described Tanka-Araki 
procedure for R = 50 (equivalent to R →∞), gives the particle reorganization 
in time t + t with t = 0.01, as shown in Fig. 11a. The resulting rhombic, 
stretched rhombic, trapezoidal, and joined rhombic clusters which evolve 
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after (nondimensional) time t = 200 – 1000 are similar to the clusters of 
medium size silica particles shown in Figs. 3 and 4. 
 
(ii)   The dynamics of the “soft silica particles on the soft silicon substrate” 
can be described by Eq. (5) for the fluid-like colloidal particle suspension 
with R = 1, assuming hydrodynamic forces between the particles. The 
resulting simulation gives the long chain-like particle organization. Starting 
from the same homogeneous particle distribution as for (i), the 
reorganization leads to the formation of compact chains in which the 
particles stick together along the whole chain length (Fig. 11b). These chain-
particle formations can be compared to the chains of silica particles shown 
in Fig. 4.  
 
       In summary, the reorganized pattern of polygonal clusters of medium 
size particles in Fig. 3 is similar to the pattern in Fig. 11(a); while the 
reorganized large chains of particles in Fig. 4 are similar to those in Fig. 
11(b). This tendency is also reflected in the different cluster sizes formed at 
the higher irradiation fluences, as it is shown in the next section.  
 
3.3.4. Particle cluster size 
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The analysis of the reorganized patterns reveals the decrease of the 
cluster size N (number of particles in the cluster) with increasing the ion 
fluence, see Fig. 12. The medium size particles of diameter D = 220 nm tend 
to form small clusters with decreasing size from N = 12 to N = 2, ultimately 
tending to a single (isolated) particle. The clusters of large size particles 
behave similarly, however, the cluster size decreases from N = 26 to N ≤ 10 
at  ≥ 51016cm-2. For the highest fluence, N seems to stay constant or 
decreases very slightly. 
The tendency of large particles to form clusters of bigger size within 
the whole fluence range is the consequence of their lower mobility at lower 
fluences (due to the weak Coulomb repulsion), and of the lower mobility on 
the liquid-like silicon surface at higher fluences (due to the higher friction 
force). 
 
4. CONCLUSIONS 
 
The Ar
+
 ion beam-induced reorganization of a Langmuir-Blodgett 
monolayer of medium and large size silica particles has been investigated in 
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a wide ion fluence range. The reorganization process, cluster formation, 
charging, discharging, ion-induced viscous flow as well as substrate swelling 
has been found to depend on a number of parameters: ion fluence, particle 
size, inter-particle distance, the density of particle packing, and the initial 
self-organization of particles in the LB layer. The widening of the defect-
channels between the particle clusters causes the compression and jamming 
of particles inside the clusters. 
The observed reorganization features of an inhomogeneous monolayer 
of medium and large size silica particles are characteristic for the applied ion 
fluence range. At low fluences, the system behaves as the “solid particles on 
the solid substrate” and the reorganization is mainly driven by charging and 
Coulomb repulsion forces. At higher fluences hole leakage and discharging 
may occur and, due to the ion beam-induced viscous surface flow of silicon, 
the behaviour of particles can be considered as the colloidal suspension of 
“solid particles on the soft substrate”. The reorganization occurs by 
Brownian motion and causes the formation of rhombic, trapezoidal and zig-
zag clusters. On the other hand, considering the ion beam-induced viscous-
flow also for the particles, the system behaves as the “soft particles on the 
soft substrate” being equivalent to fluid particles in a fluid layer. In that case, 
the reorganization is driven via long-range hydrodynamic particle-particle 
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interactions and causes the formation of chain-clusters of densely packed 
particles. The dynamics of the particle reorganization process in both cases 
is treated analogous to the dynamics of a colloidal suspensions based on the 
Tanaka-Araki model. The results of the reorganization process in such 
colloidal suspensions are comparable to the experimentally observed cluster 
distributions in both cases.  
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FIGURE CAPTIONS 
 
 
 
Fig.1. (Color online) SEM micrographs of self-organized LB layers of silica 
nanoparticles.  
a) Particle diameter D = 220 nm; Insets- top right: small zig-zag connected 
rhombic clusters; bottom left: chevron-type cluster of three connected 
hexagons.   
b) Particle diameter D = 450 nm; Insets- top right: rhombic cluster, bottom 
right: irregular particle organization. 
 
Fig.2. (Color online). Reorganized LB layer of silica nanoparticles with 
diameter D = 220 nm at various fluences: (a)  = 1015 – 51015cm-2; (b) = 
10
16
cm
-2
.  
 
Fig.3. (Color online). Reorganized LB layer of silica particles with diameter 
D = 220 nm irradiated to a fluence of  = 51016cm-2. 
a) SEM micrograph showing left-tilted and right-tilted rhombic and the zig-
zag clusters.  
b) Schematics of the reorganization process of particle clusters due to the 
quasi-2D turbulent flow of softened silicon.  
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c) Jamming of silica particles in disordered clusters. 
 
Fig.4. (Color online). Reorganized LB layer of silica nanoparticles with 
diameter of D = 220 nm irradiated to a fluence of  = 1017cm-2. SEM 
micrograph reveals small clusters of 2 or 3 particles, larger clusters of 5 to 6 
particles, and the chain-clusters of particles.   
 
Fig.5. (Color online). Merging of silica particles into clusters after 
irradiation to a fluence of = 1017cm-2. 
a. SEM micrograph of a two-particle-cluster:  Particles connected by neck 
(i); and by bridge (ii); and merged particles (iii). 
b. SEM micrograph of a three-particle-cluster: particles connected by neck 
(i); by bridge (ii); and merged particles (iii). 
 
 
Fig.6. SEM micrograph of three merged particles after irradiation to a 
fluence of  = 1017cm-2. Merged particles reveal two types of holes on the 
surface (i and iii). Small irregular holes with sharp edges (ii); Large circular 
holes with toroidal rim (iv). 
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Fig.7. (Color online). The effects of Ar
+
 ion irradiation on the reorganization 
of the LB layer of silica particles of D = 450 nm, and on the underlying 
silicon substrate at various ion fluences. 
(i) SEM micrograph of silica particles; (ii) AFM micrograph of the Si 
surface irradiated to a fluence of (a)  = 1015cm-2 ; (b)  = 51015cm-2. 
 
Fig.8. (Color online). The effect of Ar
+
 ion irradiation on the reorganization 
of the LB layer of silica particles of D = 450 nm, and on the underlying 
silicon substrate at various ion fluences. 
(i) SEM micrograph of silica particles; (ii) AFM micrograph of the Si 
surface irradiated to a fluence of (a)  = 51016cm-2 ; (b)  = 1017cm-2. 
 
Fig.9. (Color online). Swelling amplitude vs ion fluence: (i) Nonlinear 
silicon swelling inside wide defect-channels between the clusters; (ii) Linear 
silicon swelling inside narrow channels between closely packed particles. 
 
Fig.10. (Color online). Estimation of the number of holes/particle (particle 
charge), the Coulomb force between two adjacent particles, Fc, and the 
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friction force, Ffrict, as function of the ion fluence for D = 220 nm and 450 
nm particles. 
(a) Charging of silica particles as function of the ion fluence: Assuming no 
leakage of holes to the substrate (dark blue curve: D = 220 nm; red curve D 
= 450 nm) ; Assuming 30 % leakage of holes to the substrate (light blue 
curve D = 220 nm ; pink curve: D = 450 nm).  
(b) The Coulomb force for both types of particles is larger than the friction 
force and may cause their motion on the Si surface. (upper segment of Fig 
11. b shows the relation between the forces at larger magnification). 
 
Fig.11. (Color online). Results of numerical simulation of the reorganization 
process for a colloidal suspension of particles starting from an initially 
homogeneous phase. 
a) Brownian-dynamics-like simulation based on Eq. (7),  considering no 
hydrodynamic interaction between the particles. 
b) “Fluid particle dynamics” simulation based on Eq. (5), considering 
hydrodynamic interaction between the particles. (Courtesy of H. Tanaka, 
from: H. Tanaka and T. Araki, Phys. Rev. Lett, 85 (2000) 1338; By 
permission of APS, Copyright APS 2000). 
(http://dx.doi.org/10.1103/Phys.Rev.Lett85.1338) 
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Fig.12. (Color online). Particle cluster size as function of the Ar ion fluence 
for D = 220 nm and D = 450 nm particles.  
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HIGHLIGHTS 
 
 
  ∙  Reorganization of LB layers under low energy Ar+ ion irradiation. 
  ∙ Low fluence: the particles move as solid particles on solid substrate. 
  ∙ High fluence: the solid particles move on the soft fluid-like substrate. 
  ∙ Very high fluence: the soft particles move on the soft fluid-like substrate. 
  ∙ Reorganization is modeled by dynamics of colloidal suspensions.   
